Soils, an important component of the global carbon cycle, can be either net sources or net sinks of atmospheric carbon dioxide (CO 2 ). In this study, we use the first and second national soil surveys of China to investigate patterns and changes in soil organic carbon storage (SOC) during the period from the 1960s to the 1980s. Our results show that there is a large amount of variability in SOC density among different soil types and land uses in the 1980s. The SOC density in the wetlands of Southwest China was the highest (45 kg m −2 ), followed by meadow soils in the South (26 kg m −2 ), forest and woodlands in the Northwest (19 kg m −2 ), steppe and grassland in the Northwest (15 kg m −2 ), shrubs in the Northwest (12 kg m −2 ), paddy lands in the Northwest (13 kg m −2 ), and drylands in the Northwest (11 kg m −1 ). The desert soils of the Western region ranked the lowest (1 kg m −2 ). The density of SOC was generally higher in the west than other regions. Eastern China had the lowest SOC density, which was associated with a long history of extensive land use in the region. The estimation of SOC storage for the entire nation was 93 Pg C in the 1960s and 92 Pg C in the 1980s. SOC storage decreased about 1 Pg C during the 1960s-1980s. This amount of decrease in SOC for the entire nation is small and statistically insignificant. To adequately characterize spatial variations in SOC, larger sampling sizes of soil profiles will be required in the future analyses.
Introduction
World soils contain an important pool of active carbon (C) that plays a major role in the global carbon cycle (Lal, 1995; Melillo et al., 1995; Prentice et al., 2001 ). Soils store two or three times more carbon than exists in the atmosphere as CO 2 (Davidson et al., 2000) and 2.5 to 3 times as much as that stored in plants (Post et al., 1990; Houghton et al., 1990) . Through increases in organic matter, soils may sequester atmospheric carbon dioxide emitted by anthropogenic sources (Post et al., 1982 (Post et al., , 1990 Tian et al. 1998; 2002) . At present, the uncertainty in understanding the role of soils in the global carbon cycle is mainly due to the poor understanding of the spatial distribution and dynamics of soil organic carbon (Torn et al., 1997) . The large, unknown C sink (1.8 Pg) in the global balance of CO 2 in Earth's atmosphere suggests a role for the world soils in the further understanding of the processes involved in carbon emissions and sequestration (Lal et al., 1995a,b; Melillo et al. 1995) . Land use and soil management practices can significantly influence soil organic SOC dynamics and C flux from the soil (Paustian et al., 1995; Batjes, 1996; Post and Kwon, 2000; Tian et al. 1999 Tian et al. , 2003 McGuire et al., 2001) , although the mechanisms and processes of C sequestration in soil are not completely understood (Lal et al., 1995b; Bajracharya et al., 1998) . Spatially distributed estimates of SOC pools and flux are important requirements for understanding the role of soils in the global C cycle and for assessing potential biospheric responses to climatic change or variation (Schimel et al., 1994; .
Estimations of soil C stocks have been made at the national level (Kern, 1994; Tarnocai and Ballard, 1994; Rozhkov et al., 1996) and the global level (Bohn, 1978; Post et al., 1982; Eswaran et al., 1993; Batjes, 1996) . For example, spatial patterns of SOC in the contiguous U.S.A. were estimated by aggregating soil characterization data by ecosystem, soil great group, and by the UN soil map of the world soil units (Kern, 1994) . Tarnocai and Ballard (1994) characterized the spatial patterns of SOC in Canada by linking the map of the Canadian Soil Landscape with SOC values calculated from soil characterization data. On a global scale, scientists have used soil characterization data, in conjunction with ecosystem types across the globe, to estimate SOC pools (Schlesinger, 1984; Post et al., 1982; Zinke et al., 1984) . Li and Zhao (2001) used data from the second national soil survey to estimate that about 28.7 ± 8.2 Pg of SOC are stored in the upper 1 m of soils in the 215 × 10 6 ha of tropical and subtropical China. These broad-scale analyses show that estimates of SOC at national and global scales are often accompanied by a large range of SOC due to soil spatial variability and lack of reliable field measurement.
The rate of change of soil organic matter content with changing in management is dependent on the previous history of management and environmental conditions at local, regional and national scales (Melillo et al., 1995; Lal, 1999) . From the 1960s to the 1990s, China experienced significant social, economic and natural changes. China also experienced accelerated rates of land-use/cover change and urban development because of increased cultivation of land for crops and governmental changes in land use policy. Land use/cover changes and natural disturbances (i.e. wildland fires and floods) can cause changes in SOC (Houghton and Skole, 1990; Houghton, 1995; Tian et al., 1999; 2002) . Therefore, there is an important need to assess impacts of changing human activities on changes of SOC.
In recent years, global climate change has focused great attention and research efforts on the study of the soil carbon cycle. While the important role of soils in the global C cycle is increasingly recognized, significant uncertainty exists in the estimation of SOC at the national level. The SOC storage in Chinese soils had been studied in many locations (Cai, 1996; Li and Zhao, 2001 ), but there have been few regional or national-scale assessments. Regional studies of SOC storage can improve the accuracy of estimates of global SOC, and they are valuable in assessing the role of land use/cover change in the global carbon cycle (Li and Zhao, 2001) . The objectives of this paper are to estimate China's SOC storage and its change between the 1960s and the 1980s, and to provide a basis for environmentally sound management of SOC.
Materials and methods

Data sources
The first and second national soil surveys of China include records of 236 and 2473 typical soil profiles in the1960s and 1980s, respectively (Xiong and Li, 1978; National Soil Survey Office, 1993; 1994a,b; 1995a,b; 1998) . From 1958 to 1963, China launched the first national soil survey that specially emphasized the impacts of agricultural production on soil, with a focus on arable land. Historical data that characterize the chemical and physical properties for only 236 soil profiles exist from the first national soil survey. Starting in 1980, China's soil scientists began the second national soil survey to map and characterize soils for the country. The analyses presented here are based on the databases of soil profiles from the two national soil surveys. In both databases, soil physical and chemical measurements are recorded for suborders by soil horizon. These databases seek to characterize the diversity of agricultural and non-agricultural soils which span temperate, tropical and boreal systems. We use information on taxonomic classification, geographic location, vegetation, land-use, soil depth, organic content, bulk density, area, principal properties, pH, texture and physio-chemical data. The second national soil survey collected data classified by soil species, which is an important base classification unit in Chinese Soil Taxonomy, and is defined as a soil association composed of soil pedons with the same or similar characteristics (Li and Zhao, 2001) .
The total soil area of China was estimated after removal of the land area associated with surface waters, glaciers, perennial snow, bare rock and gravel hills. The total soil areas were 878.67 × 10 6 and 877.63 × 10 6 ha for the first and second national soil survey, respectively. This area represents 91% of the total land area of China (National Soil Survey Office, 1998). The two national soil surveys did not cover the Taiwan province, which has an area of about 23.95 × 10 6 ha. 
Calculation of SOC
Many scientists estimate SOC based on soil carbon density and soil type or ecosystem type area (Post et al., 1982; Sampson et al., 1993; Kern, 1994; Foley, 1995; Fang et al., 1996; Tian et al., 2000) . In this study, we used various physio-chemical properties of every horizon from all soil profiles for the calculation of soil carbon density. We calculated SOC content as a portion of soil organic matter (Post et al., 1998) . A conversion coefficient of 0.58 was used in this study, which suggested by other investigators (Nelson and Sommers, 1982; Fang et al., 1996; Post et al., 1998; Scott et al., 1999; Li and Zhao, 2001) . Soil profile data were aggregated from soil order, soil suborder and great group levels of classification. To derive the average SOC content for each soil profile, we used the thickness of each horizon as the weighting coefficient (Fig. 1) .
For an individual soil pedon with n layers, its SOC density (C d ) was calculated as:
where H i is the thickness (cm) of horizon i, B i is the bulk density (g cm −3 ) of horizon i, O i is the soil organic content (%) in horizon i. The average bulk density value of soil suborder is used for soil pedons with no bulk density data. Grouping data by suborder provides a better estimate than by orders because suborders give more indications of climate, drainage and soil textures, which are important factors for the accumulation of SOC (Li and Zhao, 2001) .
The average SOC density (C dj ) was calculated as:
where k denotes the given soil species, C dk is the carbon density of soil species k (kg m −2 ), and S k is the distribution area of soil species k (10 6 ha 2 ). SOC masses for each soil suborder were obtained by multiplying the carbon content for each soil suborder by the area of the respective soil suborder. The total carbon quantity of a given soil suborder in the upper 1 m was calculated as:
where j denotes the given soil suborder, SOC t is the carbon storage (Pg), S j is the distributional area of the soil suborder j (10 6 ha 2 ), and C dj is the average SOC density (kg m −2 ) of the soil suborder j. Based on each profile's location (e.g. longitude, latitude and elevation) and vegetation, we grouped soil suborders into different land use types (Hou, 1982) . We assigned soil profile data for each classification category. Soil profiles without detailed vegetation information were excluded from the analysis. The standard deviation was calculated for SOC content for each soil suborder. Each map unit (1:4 000 000) on the Major Soil Regions of the Chinese map (Tian et al., 1996) was assigned a SOC density which is different between first and second national soil survey.
We calculate the confidence interval (CI) for the mean carbon density for each suborder based on samples sizes. For a large sample (n ≥ 30), we determine confidence interval for mean carbon density (µ) as:
where z is a standard unit or z-score. x is the mean for samples (n) and SD is the standard deviation of soil carbon density for soil suborder. The value of z α/2 is 1.96, corresponding to a 95% confidence interval (CI). For a small sample (n < 30), we determine the confidence interval for mean carbon density (µ) as:
The degree of confidence is 1 − α and the only difference between this confidence interval formula and the large sample formula is that t a/2 takes the place of z a/2
The value of t a/2 for a 95% confidence interval (CI) for mean carbon density varies from one soil order to another, which depends on the number of samples.
For the national level, we used all samples to determine means and confidence intervals of bulk density, organic content, and carbon density in the 1960s and the 1980s. Finally, we used the paired t-test to test if the difference in SOC storage between first and second soil surveys can be distinguished from zero.
Results and discussion
Density and storage in SOC for the 1980s
Our results indicate that SOC density varies from 2 kg C m −2 in grey-brown desert soils to 45 kg C m −2 in Brown coniferous forest soils (Table 1 ). The SOC density in forest soils ranges from 10 kg m (with 95% CI: 38, 52) in brown coniferous forest soils. For mean forest SOC density, our result appears to have larger variation than those reported by previous (Zhou, 1998) . This difference is in part because we took into account widely spatial heterogeneity in soil properties across the nation. The large variability in the estimations of SOC density might also result from different data sources and calculation methods.
Both climate and human activities have influenced SOC density across China. SOC density in Alpine soils, mostly located in northeast and southeast of the Tibet altiplano, is also high. In the northeast and southeast Tibet plateau, low temperature and high soil moisture lead to a low rate of decomposition and a relatively high content of soil organic matter. In the sparsely populated western region (e.g. the Qingzang plateau) the natural vegetation is still intact or only slightly impacted (Li and Zhao, 2001 ). The high productivity of the turf vegetation contributes to the development of a thick A horizon and high SOC. In densely populated east, on the other hand, the land cover is highly fragmented, showing the mosaic of crops, secondary vegetation and natural vegetation (Li and Zhao, 2001 ). The SOC density in the Loess Plateau and Huanghuaihai Plain, for example, was low, since there is a long history of cultivation. Extensive agricultural land use in the past and the continuing conversion of other land cover to agriculture has strongly disturbed a large part of the native vegetation and reduced the SOC.
To further understand the effect of land use change on SOC storage, we estimated the SOC density under different land use types according to vegetation description of soil profiles in the 1980s. As there is a clear difference in climate, geography, land use and social economy, we divided the whole nation into six large sub-regions: Northeast, North, Northwest, East, South and Southwest (Fig. 2) . Some islands were excluded because of their small areas. Based on a vegeta- Fig. 2 . SOC density for major land use types in the six sub-regions of China. Numbers 1-8 represent the desert, dryland, steppe and grassland, shrubs, meadow, forest and woodland, wetland and paddy land, respectively. tion map (1:4 000 000), (Hou, 1982) , we classified land use of the whole region into eight categories: dryland, paddy land, forest and woodland, shrubs, steppe and grassland, meadow, wetland and desert. The results of the average SOC content and 95% confidence interval (CI) of the land use types that occur in China are listed in Table 2 , and the spatial distribution of SOC density in six sub-regions is shown in Fig. 2 .
Our results show that there is a large amount of variability in SOC density among different land uses in the 1980s ( Table 2 ). The SOC density in the wetlands of Southwest China was the highest (45 kg m −2 with 95% CI: 10, 80), followed by meadow soils in the South ), and drylands in the Northwest (11 kg m −2 , with 95% CI: 10, 12). The desert soils of the Western region ranked the lowest (1 kg m −2 , with 95% CI: 0.6, 2).
Wetland had the greatest variability among regions (Northeast, Northwest and Southwest China) as indicated with a range of standard deviation (s.d.) from 33 to 39.There are broad ranges and heterogeneity of types of soil within land use types. This also indicates that the land use types are poor predictors of the amount of SOC content because of the great soil heterogeneity (Kern, 1994) .
Of the various patterns of land use in all of China, the SOC density was generally higher in the west than in the east, and there were large variations in the area of Chinese soils under various land uses (Table 2 ). All types of land use showed considerable variation, but generally the tendency had higher values for wetland, meadow and forest soils. Deserts tended to have low SOC content. The soil units with the lowest SOC content were arid soils (Tables 1 and 2 ). Soil units from dry climates in western regions tended to have a low SOC content, except for soil units with a mesic climate in southern and eastern regions. The spatial patterns of SOC, as characterized by the land use in Fig. 2 and Table 2, displayed the greatest SOC content in areas of extensive alpine wetland, meadow, mountain forests and poorly drained soils, such as those found in the eastern regions of the Tibet Plateau and Northeast China (Tables 1 and 2 ). The eastern portion of East and South China, with its extensive cultivation, had a relatively low SOC content. The northern Northeast China had relatively high amounts of SOC, probably because of high amounts of precipitation and cool temperatures (Wang et al., 2002) . SOC can be characterized by ecosystem zones on very broad scales. This approach, however, ignores local variations in parent materials (organic materials, coarse fragment content and mineralogy) and soil depth (Kern, 1994; Li and Zhao, 2001 ). There was a great deal of heterogeneity of soil within land uses, which made this method of data aggregation of limited use.
For the whole of China, our results suggested that, for the 1980s, the average SOC density in China was 10.53 kg Cm −2 (with 95% CI: 10.2, 10.86) and that SOC storage for the nation was 92 Pg C (with 95% CI: 89, 95) for a total soil area of 877.63 × 10 6 ha 2 . Estimates of the global SOC storage vary from 1200 to 1600 Pg C (Prentice and Fung, 1990; Sombroke et al., 1993; Post et al., 1982 Post et al., , 1990 Foley, 1995; King et al., 1995; Batjes, 1996) . Our analysis indicated that SOC storage in China is about 6-8% of the global soil organic carbon pool, noting that the area of land in China is only 6.4% of the global land area (Fang et al., 1996) .
Historical changes in SOC storage during 1960s-1980s
Our results indicate that SOC storage in the 1960s was 93 Pg C (with 95% CI: 73, 113) for the contiguous China, and that average SOC density was 10.61 kgCm −2 (with 95% CI: 6.21, 15.01) (Fig. 3) . Compared to the total SOC storage of 92 Pg (with 95% CI: 89, 95) in the 1980s, our analysis suggests that, during the 1960s-1980s, SOC storage in China decreased by about 1 Pg C (Fig. 3) . We used the paired t-test to determine if the difference in SOC storage between first and second soil surveys can be distinguished from zero. The results from the t-test show that there is no significant difference in SOC storage between two soil surveys (with 95% CI).
Although there is no significant decrease in SOC for the nation during the 1960s-1980s, regional variations in the change of SOC storage still exist. The largest change in SOC storage occurred in Northeast China and the Tibet Plateau. In Northeast China, SOC density in the eastern wetland region decreased from 40-60 to 25-40 kg m −2 during the period from the 1960s to the 1980s. Because primary forests have been protected in the eastern and northern mountains since the 1970s, the SOC content of mountain forests increased by about 5-10 kg m −2 . During the 1960s-1970s, many people immigrated into Northeast China for agricultural development forced by the Cultural Revolution. The SOC density of the Songnen Plain decreased from 16-25 to 10-16 kg m −2 , most of which occurred in the black soils region. In the western grassland region, the SOC density of grassland decreased by 3-10 kg m −2 . In the central plain region, wetland and grassland were converted to farmland and urban developments. These human disturbances reduced the soil fertility. In the southeast region of the Tibet Plateau, the SOC density of alpine meadow decreased by 10-20 kg m −2 . Following changes in agrarian reform policies in 1959, Tibet entered a new era of rapid agricultural development. Alpine steppe and meadow were converted to farmland in the southeast region. As a result, the SOC content of the southeast region was reduced.
In the northern and southern regions, the SOC density was reduced by 0-3 kg m −2 due to the expansion of agricultural land. In the grassland region of Inner Mongolia, however, the SOC density was reduced largely from 2.15-5 to 0-2.15 kg m −2 due to desert expansion and soil degradation. In the large areas of semi-arid and arid regions of West and Northwest China, SOC storage was reduced by about 0-3 kg m −2 , in part because the climate was drier and vegetation could not survive. In the mountain region, the SOC density of the steppe decreased because of the development of animal husbandry.
Our estimates of soil carbon storage and its change are comparable to other studies. Houghton (1995; estimated that, due to deforestation and other land-use changes, the total net flux of carbon to the atmosphere from terrestrial ecosystems in China was about 9.0 Pg C for the time period from 1850 to 1980 (Houghton, 1995) and 9.4 Pg C from 1850 to 1990 (Houghton, 1999) , and that the annual flux was about 0.07 Pg C from 1950 to 1980, including the loss of vegetation and soil carbon. From 1900 to 1994, Tian et al. (1999) estimated that the natural ecosystems in the coterminous US lost a total of 4.8 Pg SOC due to cropland expansion and urbanization, about 0.051 PgC yr −1 . The land areas of China and the US are almost identical, indicating that the loss of the Chinese SOC pool was small relative to the US and global SOC loss for the study period.
Uncertainty
Much uncertainty still exists in the assessment of SOC storage. Uncertainty arises from a variety of sources, including different methods, unreliable data, and missing and incomplete data (Lal et al., 1995b) . Moreover, the heterogeneity of SOC concentration and its dynamic nature make it unfeasible to obtain estimates of SOC changes on annual or finer time scales from direct measurement (Post et al., 1998) . For example, our study was based on soil sample data derived from different research projects. These projects adopted different criteria for soil classification, mapping scales and degree of representatives of soil profiles between two national soil surveys. The lack of standardized sampling methods is also a source of sampling error. Furthermore, the lack of sufficient data on bulk density of soil horizons, climate and landuse/land-cover, insufficient depth of soil profiles (<1 m) and the limited number of soil pedons on natural soils (as compared to cultivated soils) also limits the accuracy of the results (Eswaran et al., 1993; Kern, 1994; Li and Zhao, 2001 ). In addition, although large numbers of soil profile data in the 1980s can make a reliable estimate for contemporary SOC storage, the small numbers of soil profiles in the 1960s can bias our estimate of SOC for that time period and hence the change in SOC during the 1960s-1980s.
Some classes in soil taxonomy have been changed in China since 1978. The 1978 version of soil taxonomy was used in this study for the first national soil survey and the 1994 version of soil taxonomy was used for the second national soil survey (National Soil Survey Office, 1998). The integration of soil and vegetation maps and soil survey data provides a basis to estimate regional SOC storage and distribution (Kern, 1994; Li and Zhao, 2001) . A better framework and a good compromise for the level of detail, because of aggregation at a more specific level such as subgroup or family, would require extremely large pedon databases (Kern, 1994) . In this study, based on the simple classification of land use for soil profiles, we analyzed the SOC spatial characteristics in six subregions under different land uses. However, the method could produce a relatively large variation similar to the ecosystem complexes method documented by Kern (1994) .
Traditionally, we estimate soil organic carbon reservoir based on organic content to a depth of 1 m (Post et al., 1982; Foley, 1995; Lal, 1999) . The subsoil below 1 m has a lot of organic and inorganic carbon, especially in tropical and subtropical soils (Sombroke et al., 1993) . Estimating SOC for the entire soil profile provides a more accurate estimate of nation-wide SOC than extrapolating SOC from a 1 m sampling profile. How to extrapolate site data to regions is the critical question in the accurate estimation of soil carbon. There is an urgent need to develop robust, sciencebased, flexible and practical protocols for monitoring and verifying temporal changes in soil carbon (Post et al., 1998) . It is obvious that there is still a need to further develop methodology to derive more accurate estimates of soil carbon. Nevertheless, this study has presented a more accurate estimate of SOC by considering the variations of different soil types, soil depth, soil horizons and their corresponding soil organic matter content, which are based on a large number of sampled soil profiles across the country. Establishing a global database on soil profile samples would certainly help to produce more realistic and representative results in soil carbon studies (Eswaran et al., 1993; Kern 1994; Post and Kwon, 2000; Li and Zhao, 2001 ).
Conclusion
Based on soil profile data from two Chinese national soil surveys, we have estimated soil organic carbon storage in the 1980s and its change over the time period from the 1960s to the 1980s for the nation. For the 1980s, our results indicated that the SOC storage in China was 92 Pg C (with 95% CI: 89, 95) for a total area of 878 × 10 6 ha 2 , and that the average SOC density was 10.53 kg C m −2 (with 95% CI: 10.2, 10.86) A total of 92 Pg C in China represents about 6-8% of global SOC storage, given a global SOC pool of 1200-1600 Pg in the upper 1 m soils of the world. For the 1960s, our study showed that SOC storage in China was 93 Pg C (with 95% CI: 73, 113) for an area of 879 × 10 6 ha 2 , and that the average SOC density in China was 10.61 kg Cm −2 (with 95% CI: 6.21, 15.01). This result suggests that the SOC pool decreased about 1 Pg during the time period from the 1960s to the 1980s. This amount of decrease in SOC for the nation was small and statistically insignificant.
The density and change of SOC among sub-regions exhibit significant variability because of the spatial heterogeneity in natural environments as well as the difference in land management. The density of SOC was generally higher in the west than other regions, which indicates a low human disturbance in the west. Eastern China had the lowest SOC density, which was associated with a long history of extensive land use in the region. Northeast China appeared to experience a much greater decrease in SOC density than other regions because of intensive land exploitation during that time period. Our results further imply that the storage and change in SOC are obviously associated with land use practices. Clearly, improving land use management is essential for increasing soil carbon storage and hence sequestration of atmospheric CO 2 .
Uncertainty exists in our estimates on the storage and change of SOC in China. Although the large number of soil profile data in the 1980s can lead to a reliable estimate for contemporary SOC storage, the relatively small number of soil profiles in the 1960s can bias our estimate of SOC for that time period and hence the change in SOC during the 1960s-1980s. We need to explore ways to extrapolate site data to national spatial scales. To adequately characterize spatial variations in SOC, larger sampling sizes of soil profiles will be required in future analyses. Chinese terrestrial ecosystems have experienced a rapid change in land use/cover change and substantial climate variability. An important need in the future will be to understand mechanisms controlling dynamics of SOC at a large scale.
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